At the time before *3.5 Ga that life originated and began to spread on Earth, Mars was a wetter and more geologically dynamic planet than it is today. The Argyre basin, in the southern cratered highlands of Mars, formed from a giant impact at *3.93 Ga, which generated an enormous basin approximately 1800 km in diameter. The early post-impact environment of the Argyre basin possibly contained many of the ingredients that are thought to be necessary for life: abundant and long-lived liquid water, biogenic elements, and energy sources, all of which would have supported a regional environment favorable for the origin and the persistence of life. We discuss the astrobiological significance of some landscape features and terrain types in the Argyre region that are promising and accessible sites for astrobiological exploration. These include (i) deposits related to the hydrothermal activity associated with the Argyre impact event, subsequent impacts, and those associated with the migration of heated water along Argyre-induced basement structures; (ii) constructs along the floor of the basin that could mark venting of volatiles, possibly related to the development of mud volcanoes; (iii) features interpreted as ice-cored mounds (open-system pingos), whose origin and development could be the result of deeply seated groundwater upwelling to the surface; (iv) sedimentary deposits related to the formation of glaciers along the basin's margins, such as evidenced by the ridges interpreted to be eskers on the basin floor; (v) sedimentary deposits related to the formation of lakes in both the primary Argyre basin and other smaller impact-derived basins along the margin, including those in the highly degraded rim materials; and (vi) craterwall gullies, whose morphology points to a structural origin and discharge of (wet) flows. Key Words: MarsSurface processes and composition of Mars-Liquid water-Geological conditions for the development of life-Planetary habitability and biosignatures. Astrobiology 16,[143][144][145][146][147][148][149][150][151][152][153] [154] [155] [156] [157][158] 
1. Introduction E arth has been an enduringly dynamic and waterinfluenced planet since early in its geological history. There is evidence of water-deposited rocks in the oldest petrological record of Earth (e.g., Mojzsis et al., 2001 ) and evidence of continent/ocean structure almost as ancient (e.g., Polat, 2012; Maruyama et al., 2013a; Ge et al., 2014) , as well as magmatism involving a water-rich interior-and presumed degassing-at least as early as 4.2 Ga (Iizuka et al., 2006) . Earth's biosphere originated and evolved very early in its geological history. There is evidence for Paleoarchean life dating back to *3.4 to 3.5 Ga from both organic microfossils and stromatolites (e.g., Schopf et al., 2002 Schopf et al., , 2007a Schopf et al., , 2007b Knoll, 2004; Allwood et al., 2006; Schopf, 2006; Stüeken et al., 2015) , and those microfossils exhibit relatively diverse morphologies and complexity House et al., 2013) , suggesting an even earlier origin of life that can be unambiguously identified in the geological record. Consistent with this view is isotopic evidence suggestive of the presence of biological activity dating as far back as 3.8 Ga (Mojzis et al., 1996) . Because Paleoarchean life appears to have been relatively diverse, life's origin on Earth is likely to have occurred even earlier than these dates suggest (Eiler, 2007; Abramov and Mojzsis, 2009; House et al., 2013; Maruyama et al., 2013b; Patel et al., 2015) , possibly even during the Hadean more than 4.0 billion years ago.
At the time when life originated and began to radiate on Earth, Mars was a wetter and more geologically dynamic planet than it is today, with a global hydrological cycle. Mirroring conditions of the Late Hadean or Paleoarchean Earth, early Mars comprised a landmass (the southern cratered highlands acting as a ''supercontinent''); a large ocean, countless crater-hosted lakes, and continental-scale ice sheets (Baker et al., 1991; Kargel and Strom, 1992; Kargel et al., 1995; Cabrol and Grin, 1999; Carr and Head, 2003; Fairén et al., 2003; Head et al., 2005; Di Achille and Hynek, 2010) ; a relatively thick atmosphere, capable of supporting stable and widespread hydrological activity; and diverse energy sources (such as solar or thermally induced chemical disequilibrium, see Baker et al., 2007; Fairén, 2010, and references therein) . Interaction among the landmass, ocean, and atmosphere through hydrological cycling driven by internal (heat flow) and external (the Sun) energy sources is considered key to Mars being habitable during its early evolution (Dohm and Maruyama, 2014) .
At the surface, early Mars may have supported an Earthlike erosional regime and relatively warmer and wetter conditions than today (e.g., Baker et al., 2007) , perhaps having prevailing modern Earth-like periglacial/glacial conditions, which may have been sufficient for life to originate and evolve (Fairén et al., 2003 Kargel, 2004) . Moreover, subsurface conditions could have been even warmer and wetter, generating local settings that had potentially habitable conditions for far longer periods-perhaps continuously since the Noachian period. Given that early Mars may have hosted habitable conditions approximating those of early Earth, then whatever steps that led to the emergence and early evolution of life on Earth also may have occurred independently on Mars. Alternatively, life could have been transferred from Earth to Mars or vice versa (e.g., Schulze-Makuch et al., 2008; Fairén et al., 2010) when habitable conditions were present on Mars.
The geological and hydrological evolution of the Argyre basin and its margins, located in the southern hemisphere of (Fig. 1 ), points to a habitable environment where life could have originated (or been transferred to), persisted, and evolved. The early post-impact environment of the Argyre basin possibly contained many of the ingredients we think today are necessary for life: abundant and long-lived liquid water, biogenic elements, and energy sources. Here we suggest that, early in Mars' geological history, the Argyre impact basin and margins supported (and perhaps still support at depth) an environment that is favorable for the origin, development, and maintenance of microbial life.
Geological History
The Argyre province (30°S to 65°S, 290°E to 340.0°E; Fig. 2 ) is a major geological province in the southern cratered highlands of Mars. Geological and hydrological histories have been detailed through a mapping investigation with Viking, Mars Global Surveyor (MGS), Mars Odyssey (ODY), and Mars Reconnaissance Orbiter (MRO) data (Dohm et al., 2015) . A synthesis of Argyre's history is provided here, using the formal chronostratigraphic systems (Noachian, Hesperian, and Amazonian) devised by Scott and Carr (1978) , as well as the series (upper, middle, and lower divisions of systems) defined by Tanaka (1986) .
The Argyre basin formed from a giant impact estimated to have occurred at *3.93 Ga , near the end of the Late Heavy Bombardment (Claeys and Morbidelli, 2011; Fassett and Minton, 2013) . The impact left an enormous basin, approximately 1800 km in diameter. The Argyre event occurred at a time when Mars was experiencing major changes in global planetary conditions, including termination of the internal dynamo, the thinning of the atmosphere, and consequential changes in climate (e.g., Fairén et al., 2003; Baker et al., 2007; Fairén, 2010) .
The Argyre basin is the best-preserved large multiringed impact structure on Mars. This is more noticeable when Argyre is compared to the larger and more highly degraded *4.0 Ga Hellas impact basin ; the distinction is indicative of major planetary-system changes occurring during the estimated 70-million-year time range between the formation of Argyre and Hellas. The giant impact event resulted in the construction of the primary Argyre crater, the uplift of a mountainous rim, and the production of a complex system of tectonic structures. These include small and large (as much as thousands of kilometers in length) extensional and compressional structures, such as structurally controlled fault scarps, broad ridges, valleys, and mountain ranges within several hundred kilometers of the basin margin. With time, erosional and depositional processes have highly resurfaced the Argyre basin and rim materials continuously since the excavation of the impact basin (Fig. 3) .
The History of Water and Volatiles in the Argyre Region
Topographic, geomorphological, spectroscopic, and isotopic investigations (e.g., Hiesinger and Head, 2002; Kargel, 2004; Banks et al., 2008 Banks et al., , 2009 Buczkowski et al., 2010; Jones et al., 2011; El Maarry et al., 2013; Soare et al., 2014a Soare et al., , 2014b Webster et al., 2015) provide information for reconstructing the hydrological history of Argyre, including long-term water enrichment up to the present day. These investigations provide some evidence for a broad integration of hydrogeological activity within the basin extending to possible headwaters in the highlands south and east of the basin, and to the Uzboi-debouchment area, northeast of the basin, and possibly associated with flooding of the northern plains (i.e., possibly above the Opportunity Landing site) during the Noachian and Early Hesperian (Fairén et al., 2003 ; this hydrological system had the Argyre impact-derived lake as the primary contributor of Uzboi Valles (Dohm et al., 2015) .
The geomorphological perspective
Some of Argyre's impact-generated basement structures possibly reach great depths (potentially reaching the lower crust and likely the Moho of Mars) and could have served as conduits for the migration of water, volatiles, and internal heat into the basin from thousands of kilometers away, such as extending well within the Tharsis province and from depths potentially reaching Mars' lower crust and upper mantle (Dohm et al., 2001a (Dohm et al., , 2001b . These processes may still be occurring presently (Soare et al., 2014a) , though presumably at a slower pace than in the earlier history of the basin. This would contribute to a long-term supply of mineral-enriched water in the subsurface and at the surface of the basin.
Water enrichment could have been augmented by hydrothermal activity associated with the Argyre excavation, with impact-driven, long-term heat energy being supplied potentially for millions of years; for example, Abramov and Kring (2005) estimated about 10 million years of continuing hydrothermal activity for a Hellas-sized basin, depending on the permeability of the subsurface. Following the same reasoning, Argyre would potentially have had long-lived heat energy, even factoring the smaller size and younger age of Argyre with respect to Hellas. This energy supply, coupled with heat releases from the largest and most enduring volcanic province in the Solar System, the nearby Tharsis superplume (Dohm et al., 2001b Baker et al., 2007) , could have provided long-term hydrothermal activity near the surface after the impact excavation. To a lesser extent, and in geologically more recent times, the Elysium superplume (e.g., Baker et al., 2007) and the Tharsis/Elysium corridor region (Dohm et al., 2008) , as well as changes in obliquity (e.g., Laskar et al., 2004) , also could have contributed to the alteration of the interior surfaces of the Argyre basin and associated rim materials.
As a consequence of the water enrichment, the primary Argyre basin contained a large water body that was sufficient in size to have sourced Uzboi Vallis (Dohm et al., 2015) . This conclusion is based on several lines of evidence including (i) crater retention ages that are similar among the high-standing Argyre rim materials and intervening valleyand basin-infill materials, and (ii) spatial associations (stratigraphic relations and relative elevations) among the source region of Uzboi Valles, terraces, benches, and a possible spillway that connected a paleolake in Douglass impact crater with the primary Argyre basin, all of which are near the zero-elevation datum (i.e., 0 km as a potential equipotential surface). It is even possible that a more extensive water body could have formed due to the impact, reaching an elevation of 1.0 km or more above the zeroelevation datum. This is suggested by the Geographic Information Systems (GIS) mapping of elongated basins with valley networks along their margins and dendritic valleys. If the water column reached 1.0 km in elevation, then the body of water with a maximum depth reaching *4.0 km would have had an estimated volume of *3 · 10 6 km 3 , approximating the volume of the Mediterranean Sea, as well as a comparable maximum depth of 5.3 km (Fig. 4) .
Following the formation of lakes and associated growth of glaciers, the water bodies would have waned over time, and eventually the lakes would have become frozen, as the planet cooled and impact-generated heat dissipated over time. Evidence has been provided for wet-based alpine and continental-scale glaciation in southern Argyre and the adjoining highlands (Kargel and Strom, 1992; Kargel, 2004; Banks et al., 2008 Banks et al., , 2009 , with a proposed glacial system extending as far as the south polar region and eastward halfway to Hellas (Baker et al., 1991; Kargel and Strom, 1992; Hiesinger and Head, 2002) . Baker et al. (1991) considered that a latitude limit of south polar glaciation occurred roughly halfway through the Argyre basin, leaving the southern part glaciated, although El found evidence for glaciation also occurring farther north. This is also supported by the presence of sinuous ridges in areas surrounding southern Argyre Planitia (Seibert and Kargel, 2001; Banks et al., 2008) . The sinuous ridges have been hypothesized by several investigators to be eskers or fluvial sediments deposited in open-walled channels within an ice sheet (e.g., Kargel and Strom, 1992; Seibert and Kargel, 2001; Kargel, 2004; Banks et al., 2008 Banks et al., , 2009 . Recent mapping suggests that these ridges formed during the Late Hesperian-Early Amazonian (Dohm et al., 2015) . The esker development correlates to major Tharsis outgassing, flood erosion of some circumChryse outflow channels, and widespread glacial activity (Baker et al., 1991; Kargel et al., 1995; Dohm et al., 2001b Dohm et al., , 2007 Rodriguez et al., 2014) recorded in the youngest Argyre plains-forming basin floor deposits of the distinct stratigraphic sequences in the basin (unit HAb4a; Dohm et al., 2015) . There has been significant activity since this major stage of Tharsis development, including geologically recent and possibly present-day resurfacing of all the geological units of the Argyre Province (Dohm et al., 2015) , which are tied to variable endogenic and exogenic activities at local to global scales on Mars (Kargel, 2004; El Maarry et al., 2013; Rodriguez et al., 2014; Soare et al., 2014a Soare et al., , 2014b .
Periglacial activity has also been identified in and around the Argyre impact basin, including the development of small-scale mounds. These mounds could be open-system . An estimated extent of the hypothesized Argyre lake based on geomorphological and topographical analyses, as well as detailed geological mapping, is also shown (red line). In addition to the estimated extent, dendritic channel systems (SP), local basins (B) that occur among the crater rim materials, and the Uzboi Vallis system (UV) correspond to the blue-highlighted region. Also shown is a small extent (near base level) of AWMP. The volumes of the hypothesized AWMP and Argyre lakes are estimated to be 1.6 · 10 4 and 1.9 · 10 6 km 3 , respectively, using MOLA. Ever-changing conditions in the Argyre basin include the possible interplay between lakes, ice sheets, and glaciers through time, as well as waning water bodies. (Right) Similar to left, but at 1 km with an estimated volume of 3.1 million km pingos (OSPs, see following section), perennially ice-cored mounds fed by hydraulically driven water. These mounds are located downslope of gullies inset within fractures and faults, suggesting structurally controlled groundwater flow and the migration of heat from the interior of Mars (Soare et al., 2014a) .
Subsequent modification of the regional landscape seems to reflect the influence of fluvial, alluvial, glacial, periglacial, and eolian processes (Kargel and Strom, 1992; Parker et al., 2000; Hiesinger and Head, 2002; Kargel, 2004; Banks et al., 2008 Banks et al., , 2009 Soare et al., 2014a Soare et al., , 2014b Dohm et al., 2015) . Within and around the basin, resurfacing has included physical and chemical erosion, the emplacement of diverse sedimentary deposits, the accumulation and ablation of glacial ice, major etching of the rim materials, and the highly localized flow of gully-associated water. Also, possible fog concentration, including moisture, could have periodically embanked against topographic highs and bottle-necked into valleys and basins in Argyre, providing suitable environmental conditions for fog-dependent ecosystems, similarly to fog-driven ecosystems on Earth (e.g., Hock et al., 2007; Warren-Rhodes et al., 2007; Borthagaray et al., 2010; Azúa-Bustos et al., 2011; Latorre et al., 2011) .
The geochemical perspective
At the time of the impact excavation of Argyre, at 3.93 Ga, water probably was abundant on Mars' surface, according to data obtained by the Curiosity rover. Curiosity's Sample Analysis at Mars (SAM) experiment measured thermally evolved water and hydrogen gas from the ''Cumberland'' rock target in Gale crater (Webster et al., 2015) . The samples were Hesperian in age and used to determine the deuterium to hydrogen (D/H) isotope ratio, which can be used to infer the amount of water at the time of formation of Cumberland. The D/H ratio in Cumberland was measured to be about half that of the ratio found in martian atmospheric water vapor today, suggesting that Mars retained much of its surface water at the time when Cumberland formed. Because Argyre was excavated at least 100 million years before the formation of Gale (Gale has an age of 3.8-3.6 Ga, see Greeley and Guest, 1987, and Thomson et al., 2011) , water should have been more abundant at the time of Argyre's formation than when Gale formed, because the surface of Mars should have experienced wetter conditions at earlier times (e.g., Fairén et al., 2003; Kargel, 2004) . Additional investigations through Curiosity have indicated that Mars had the required climate and atmospheric conditions in terms of pressure and temperature to harbor large crater lakes, streambeds, and deltas long after the excavation of Gale in the early Hesperian period and for tens of millions of years after (Williams et al., 2013; Grotzinger et al., 2014) . Considering Argyre's older age of *3.93 Ga, it is likely that water was even more abundant in the early history of Argyre than of Gale.
Multiple spectroscopic analyses of the basin have helped unveil this history of Argyre's water. More than 100 CRISM (Compact Reconnaissance Imaging Spectrometer for Mars, a visible-infrared spectrometer aboard MRO) targeted observations of the Argyre basin area have been acquired, with the result that (i) phyllosilicates have been identified in locations where aqueous activity has modified the landscape within the basin, and (ii) signatures of olivine in the rim materials of Argyre point to the impact having exposed parts of the upper mantle through the inversion of stratigraphy (Buczkowski et al., 2010) . Rock outcrops exposed along the large Argyre impact-derived concentric structures show evidence of high calcium pyroxene materials and phyllosilicates, such as magnesium-rich chlorite and iron-magnesium smectite (Buczkowski et al., 2010) . Ancient subglacial drainage of a south polar ice-sheet, together with widespread glaciers on Argyre's rim, would have delivered large volumes of clays to the basin's basal stratigraphy. The reduced permeability of these ancient clay deposits would have promoted the development of regional aquifers within the floor of Argyre. Aqueous activity also is indicated by the phyllosilicates identified in Hale crater ejecta, which are consistent with those observed in western Argyre, CRISM-based signatures of which include chlorite and iron-magnesium smectite along with some prehnite (Buczkowski et al., 2010) . Aqueous activity likely included hydrothermalism, related to the Hale impact into the water-enriched Uzboi-Vallis source area (Dohm et al., 2015) .
The Argyre Region as a Prime Site for Astrobiological Exploration

Water on Mars and habitability
Early Mars is thought to have been relatively habitable (see previous sections). The Argyre impact event occurred during the Late Heavy Bombardment, when Mars had a much thicker atmosphere than today; CO 2 atmospheric pressures are estimated to have been at about 0.5-1 bar (Carr, 1999 ) to 1.5 bar (Phillips et al., 2001) . Dynamical simulations also suggest that Mars acquired less total bulk of water than Earth, about 0.06-0.27 of Earth's oceans (Lunine et al., 2003) ; however, this estimate actually represents more water content per planetary volume in Mars than in Earth, which is consistent with the position of Mars in the Solar System retaining more volatiles. Evidence for ancient oceans on the northern plains of Mars comes both from geological and geomorphological analyses (e.g., Fairén et al., 2003 , and references therein) and from spectroscopic investigations (e.g., Villanueva et al., 2015 , consider a global equivalent layer-GEL-of about 130 m on early Mars).
The above-described amounts of water are also consistent with a deposited volume estimated to be at least 1/10 that of the volume of water on Earth during the Late Heavy Bombardment, shortly following the Argyre impact event, as well as the volume of water mobilized to the surface from subsurface reservoirs of ground ice and water. This estimate includes the Noachian Contact 1-Meridiani shoreline, which would have enclosed a volume of water of more than 10 8 km 3 or roughly 1/6 that of the Pacific Ocean (Fairén et al., 2003; Ormö et al., 2004) ; a lake body of 3 · 10 6 km 3 volume in Argyre, approximating that of the Mediterranean Sea; and another lake in Hellas (Moore and Wilhelms, 2007) , which is estimated here as roughly equivalent to that of the Argyre lake. This estimate does not account for other possible lakes in the southern highlands, such as those that occupied smaller impact basins (Cabrol and Grin, 1999) . A significant amount of water was, therefore, present at the time of the Argyre impact event (also see Di Achille and Hynek, 2010)
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at, and in, the encompassing region of the target site of the giant impact. Through time, near-surface liquid water and water-ice dissipated, though it was not totally depleted, as there was subsequent Tharsis-driven, transient hydrological cycling (including enhanced geological and climatic activities, see Dohm et al., 2001b; Fairén et al., 2003; Baker et al., 2007) . On present-day Mars, D/H data from meteorites indicate that a GEL of undetected subsurface water/ice that ranges from about 10 2 to 10 3 m (Kurokawa et al., 2014; Usui et al., 2015) should exist. This value far exceeds the sum of the observable present water inventory (*20-30 m GEL) on Mars, as was estimated by Christensen (2006) , and the hypothesized deep-aquifer water reservoir that exists today (another 20 m GEL), which was calculated by Villanueva et al. (2015) as a conservative minimum volume. The modern phases of aqueous activity would have allowed potential living organisms to become more active and widespread, while during intervening phases, life might have remained in a dormant or at least stationary state (Schulze-Makuch et al., 2005).
The habitability of Argyre
Argyre's unique geological setting may have contributed to the existence of life and may have significant implications for the search for life on Mars. Conditions compatible with current models for the origin of life were likely present in, or around, Argyre for at least tens of millions of years after the impact. These could have included intermittent and standing bodies of liquid water (e.g., Fairén et al., 2003) with a variety of solutes depressing the melting point of water when conditions on Mars turned colder globally (Fairén et al., 2009) ; the presence of various mineral surfaces including clays (Cleaves et al., 2012) ; impact-induced and volcanically induced hydrothermal circulation (Ciba Foundation, 2008); solar radiation; and the input of organic materials from interplanetary dust particles, carbonaceous chondrites, and comets (Flynn, 1996) . The long-term persistence of these factors in Argyre also make it an exceptional candidate for the persistence of life on Mars, as well as the preservation of biomarkers in clays or evaporates (Aubrey et al., 2006; Summons et al., 2011) . Most of the above-mentioned factors would have been available for long periods of Mars' history, sustaining structurally and thermally stable aquifers.
In particular, water-rich, hydrothermal systems are not only possible sites for the origin of life, but they also provide excellent environmental conditions to preserve mineralized and organic fossils by favoring rapid entombment of cellular structures in precipitating mineral phases. For example, fossil-containing Archean rocks on Earth are often heavily metamorphosed deep-water sediments, hydrothermal deposits, or alternating layers of sediments and igneous rocks. Some of these rocks have preserved fossilized organic remains for at least 2.7 billion years (Rasmussen et al., 2008) . Similar fossil remains could exist in sedimentary deposits (e.g., Komatsu and Ori, 2000) within the Argyre basin. The preservation of such fossil remains would have been aided by the pervasive low temperatures, as well as the development of glacial and periglacial conditions both within and around the basin. Evidence for glacial and periglacial activity is widespread throughout the geological history of Mars (e.g., Fairén et al., 2011) , and more data from several locations continue to be investigated, including Gale crater .
The continued supply of heat and gases in the Argyre basin could have resulted in an entrenched and long-lasting autotrophic microbial biosphere based on subsurface hydrothermal vent systems, possibly generating methane as an end product of their metabolism (e.g., Schulze-Makuch et al., 2005 Komatsu et al., 2011) . Global atmospheric methane of present-day Mars was reported by Formisano et al. (2004) , Mumma et al. (2004), and Krasnopolsky et al. (2004) , with apparent regional enrichments (Geminale et al., 2008; Mumma et al., 2009) . All these methane detections have been challenged (Zahnle et al., 2011) . The Mars Science Laboratory (MSL) mission's Curiosity rover has recently identified variable methane concentrations at a maximum of 7 ppb, using SAM (Webster et al., 2015) . Reported signatures of methane might be further examined through India's ongoing Mars Orbiter Mission (Mangalyaan) (Lele, 2014) and the upcoming European Space Agency's 2016 ExoMars orbiter (Zurek et al., 2011) . Any methane detection could be a result of biogenic or abiotic processes, and additional characterizations would have to be evaluated to determine the likely source of that methane.
Finally, a key factor that supports the habitability of Argyre is the presence of ice at the surface coexisting with aqueous liquids. At lower latitudes, there were aqueous liquids, but the case for coexisting ice is less clear (e.g., Fairén, 2010) . This is important because the coexistence of ice with aqueous liquids means that ice was on the liquidus (or down to the eutectic) state, which further means that the water activity (the thermodynamic activity of H 2 O; see, e.g., Grant, 2004, Marion and was not as low as might otherwise be the case. Taking terrestrial environments as an example, where there exist highly arid hypersaline environments (e.g., Death Valley), water activities are extremely low, and biodiversity is also extremely low, despite Earth's long-existing biosphere and ample opportunity to evolve and adapt. This argues that life is indeed extremely challenged with water activity declines, due to extremely low relative humidities and extreme evaporation (e.g., Knoll et al., 2005; Marion and Kargel, 2008) . Liquid water may still exist, but it is not so suitable for life (Grant, 2004) . When ice is present, that buffering factor maintains water thermodynamic activity at higher and less life-adverse levels, preserving lower salinity and potentially truly ''freshwater'' environments. Such large buffering masses of ice make it harder to completely desiccate a body of water, which could therefore contribute to maintaining long-term stable, habitable environments for potential life-forms.
Astrobiologically relevant landforms in Argyre
Now we highlight some specific landscape features in Argyre that are promising sites for astrobiological exploration. These include the following:
(1) Hydrothermal deposits, including those related to the hydrothermal activity associated with the Argyre impact event, subsequent impacts, and those associated with the migration of heated water along Argyreinduced basement structures. Echaurren and Ocampo (2004) determined impact conditions and predicted possible hydrothermal zones generated after the im- pact. The presence of uplifted mantle and lower crustal materials in the basin means that primordial materials composed of P, K, Al, Ca, Fe, and other elements necessary for life to form may have been exposed to the surface and near-surface environments. Internal heat and water, and other volatiles at depth, may have migrated along the impact-induced basement structures. The interaction among primordial crustal materials and hydrothermal activity would be favorable from the metabolic energy perspective (e.g., Schulze-Makuch et al., 2007) . (2) Candidate vent structures along the floor of the Argyre basin. The youngest basin unit, mapped as unit HAb4a (Dohm et al., 2015) , comprises landforms interpreted to mark venting related to flooding, the rapid emplacement and burial of flood deposits and associated volatiles, and eventual release to form vent structures. For example, Argyre Mons is a newly identified feature interpreted to have formed from subterranean gas releases (e.g., mud volcanoes), magmatic-driven activity, or an impact event, with gas release being the favored hypothesis . Numerous and widespread vent structures in the northern plains, interpreted to be mud volcanoes, are likely the result of rapid emplacement of Tharsis-triggered circum-Chryse floodwaters and sediments and associated ocean formation (Skinner and Tanaka, 2007; Skinner and Mazzini, 2009; Oehler and Allen, 2010; Komatsu et al., 2011 Komatsu et al., , 2012 and have been reported to be prime astrobiological targets . (3) Possible ice-cored mounds, including candidate OSPs (Soare et al., 2014a; see Fig. 5 ). On the basis of the available photogeology, the OSPs within the Argyre basin are recent features, dating from the Late Amazonian (and possibly still having some activity), and their proposed hydraulic, tectonic, and hydro-tectonic models of formation and functioning involve freezethaw cycling. The OSPs within the floor of Argyre basin could bear exceptional astrobiological interest, because the heat gradients produced hydrothermal activity, which in turn resulted in upwelling processes, enhancing the prospect of fossilized and extant life. The upwelling of deep-seated water from aquifers, rich in volatiles and organic material, would act as exhumation pockets into ancient environments; therefore the groundwater or deeply seated water associated with OSP formation could be capable of delivering evidence of past/current microbial activity in the subsurface to the surface or near-surface. In addition, the protecting layers that formed after the wet eolian sedimentation or icy periods would provide a protected environment for existing life or its remains, as mantling by eolian drifts could have reduced the rates of sublimation. In summary, OSPs, as indicated through investigations of analogous terrestrial settings, could be host to past (and maybe present) heat fluxes, ice, liquid water, and nutrients (e.g., Dohm et al., 2004; Hock et al., 2007; Warren-Rhodes et al., 2007) . (4) Sedimentary deposits left behind by glaciers along the basins' margins as evidenced by ridges interpreted to be eskers (e.g., Kargel and Strom, 1992; Kargel, 2004; Banks et al., 2008; Fig. 6 ). The ridges occur in the Late Hesperian-Early Amazonian basin floor deposits and thus are interpreted to be emplaced during this time period, which is coeval with major Tharsis-driven activity (Dohm et al., 2001b; Fairén et al., 2003) . This highlights the far-reaching sedimentological record in the deep Argyre basin developed over time. The eskerlike features could be composed of sediment from environments nearby and distant (e.g., south polar region), laid down during glacial outburst floods debouching under confined ice-covered lakes. (5) Sedimentary deposits related to the formation of lakes in both the primary Argyre basin and other smaller impact-derived basins along the margin (including those in the highly degraded rim materials). Lakes could have been formed by the glacial flood outbursts mentioned above, and they would be therefore related to major changes in environmental and hydrological conditions associated with major outgassing of Tharsis during the Late Hesperian and Early Amazonian (conditions also related to the formation of the younger northern plains ocean, see Fairén et al., 2003) . In addition to floodwaters derived by wetbased glacial activity (Kargel, 2004) , the floodwaters could also have originated from a raised hydraulic head, migration of water and other volatiles along Argyre-induced basement structures, and spring-fed (artesian) release. If the water was subterraneanderived, such as related to Tharsis activity (including migration from great distances along basement structures) (Dohm et al., 2015) , then the astrobiological potential would be heightened. (6) Crater-wall gullies (Fig. 3B) occurring upslope of the pingo-like mounds described below (Fig. 5) . The morphology of the gully landforms points to ''wet'' flows, and the crater-wall structures in which they are embedded could be indicative of groundwater discharge (Soare et al., 2014a) . Against the general backdrop of boundary conditions inconsistent with the flow of liquid water at the surface, gully discharges might be markers of aqueous activity and bearers of nutrients if not fossilized microbes.
Strategies for Future Robotic Exploration
The main challenge for the exploration of Argyre is the basin's latitude. Most of Argyre is located between 45°and 55°in the southern hemisphere, and this latitude would present a major energy challenge even for a RTG (radioisotope thermoelectric generator)-powered mission (Anderson, 2005) , such as the Curiosity rover. For a solar-powered mission, Argyre's latitude would be troublesome, although not overwhelmingly so, especially if duration is not a large prerequisite; for example, the Phoenix lander successfully operated for 157 martian sols in the northern high latitudes. On the other hand, the low elevation of the Argyre floor is a plus for parachute-aided landings, because lower elevations would provide a longer atmospheric column for the parachutes to open and achieve the desired deceleration of the spacecraft during the entry, descent, and landing (EDL) phase. ) where the regional upper stratigraphy appears exposed, including a region where scarps likely expose glacial and older fluvial deposits (dashed box). These strata appear lightly cratered and thus likely spent a much longer time buried before being exhumed by regional erosional processes, making them an even better exobiological target (CTX view centered at 55°16'S, 45°39'W). (Color graphics available at www.liebertonline.com/ast) With these engineering constraints in mind, it is important to revisit the merits of Argyre as a promising target for the astrobiological exploration of Mars. If there are compelling scientific reasons to propose the exploration of the potential biological attributes of Argyre, then there are compelling reasons to elevate the discussion of the engineering constraints currently imposed on missions and hence reconsider mission architectures. When these engineering issues are solved, we propose that Argyre could be reached by a tierscalable exploration mission architecture, in which a flotilla of vehicles is used for the regional investigation of several different areas. The large size and diversity of landforms within the Argyre impact basin make it an ideal case for tier-scalable reconnaissance, a redundant exploration strategy based on the deployment, operation, and control of vehicles in multiple areas of interest using hierarchical levels of oversight called tiers-each tier controlling the vehicles within the tier beneath it (Fink et al., 2005 (Fink et al., , 2008 Kean, 2010;  Fig. 7 ). Multi-tiered and autonomous robotic exploration architectures on Mars would comprise an orbiter (or orbiters) in conjunction with aerial platforms (e.g., blimps) along with rovers (Fink et al., 2005 (Fink et al., , 2008 , miniature landing science stations (Schulze-Makuch et al., 2012) , sensorwebs (Delin et al., 2005) , and autonomous drilling sciencecraft (Ori et al., 2000; Dohm et al., 2011) , all of which would help verify the analyses provided in such an investigation through contextual in situ evidence.
Particularly appealing for in situ investigations is the rich variety of water-and ice-mobilized sedimentary deposits and extant ice deposits, as described above. We propose focusing the astrobiological exploration on the southeastern part of the Argyre basin, near Cleia Dorsum, elevation -2600 m (Fig. 6) . In this setting, basal fluvial and overlying glacial deposits seem to be exposed as well-preserved, laterally extensive layers, and topographically the site is low. This is an area of eskerlike ridges, probably glacial river-deposited or debris flow-deposited, containing material derived from the highlands, and situated within reachable distance for a tier-scalable reconnaissance system (60 km max) of lobate debris aprons (icy glacierlike forms), layered rock sequences near the eskerlike ridges (ancient lake deposits), and U-shaped valleys and cirquelike amphitheatres (remnants of wet-based glacial bedrock scour).
Many of these extant environments in Argyre could be suitable for terrestrial extremophiles; therefore it is reasonable to speculate that a Mars-adapted biology would likewise be able to survive in them. The tier-scalable reconnaissance system could confirm whether and where there has been venting of the martian internal heat energy along the impact- induced faults (structural conduits), as well as evidence for groundwater influx with nutrient-enriched rock materials, such as primordial crustal materials enriched in biogenic elements. Such exploration would require careful mission preparation, including proper sterilization of the spacecraft components to ensure compliance with planetary protection policies, as the possible presence of current liquid water or water ice near the surface at these features may categorize them as ''Mars Special Regions,'' that is, places where terrestrial organisms might be able to replicate (Rummel et al., 2014) .
Conclusions
We propose that the Argyre province should be considered a prime target for the search for past or present life on Mars. This is based on evidence of its long-term water enrichment, heat generation from the Argyre basin-forming impact, basement structures that could have channeled water and heat into the basin from far-reaching geological provinces and from great depths, and potential nutrient-enriched primordial crustal materials that could have been transferred to near-surface and surface environments through impactinduced uplift and inversion. We have highlighted the astrobiological significance of some particular landscape features in Argyre that may be especially promising and accessible sites for the astrobiological exploration of the basin, including hydrothermally altered mineral assemblages, possible mud volcanoes, ice-cored mounds, sedimentary deposits of glacial and lacustrine origin, and crater-wall gullies. Today, the Argyre province also could host extant ice, perhaps near-surface liquid groundwater in places, possible fog concentrations, and potential vents with exhalation of volatiles. Tier-scalable reconnaissance may improve chances for high data return from these complex landscapes, because prime microenvironmental targets may be located in rugged locations, which otherwise would be exceedingly challenging to explore through traditional mission designs.
